The villous tree is the core part of the functionally relevant microarchitecture of the human placenta[@b1][@b2][@b3][@b4]. The surface of the villous tree is covered by the villous trophoblast, a syncytialized epithelium in direct apical contact with maternal blood that controls fetomaternal exchange.

Tree-like structures are generally characterized by nodes, which are cornerstones of a complex three-dimensional (3D) pattern of branches[@b5]. Due to the 3D nature of their branching structure, advanced morphological analysis of trees requires 3D analysis. The correlation of function with 3D structure of trees has been convincingly demonstrated in the field of neuroscience. The digital variants of camera lucida techniques have become the gold standard of computer-assisted quantitative morphological and functional 3D reconstruction of neuronal dendritic trees[@b6][@b7][@b8][@b9]. Completely new research fields were e.g. opened by the recent finding of the group of TC Südhof that neuroligin-3 mutations in autism are associated with altered 3D dendritic trees and thus altered neuronal connectivity[@b10]. Conceptional understanding of neuronal diversity and connectivity was revolutionized by this type of 3D analysis of dendritic trees[@b11]. Cortical neurons in the brain are classified by the 3D structure of their dendritic trees[@b12][@b13]. Moreover, such 3D morphological and multiple reconstruction of cortical neuronal axons and dendritic trees are an important tool to reconstruct the connectome of whole cortical columns, one of the most vivid fields of current neuroscience[@b14]. Similarly, such 3D analysis of the structure of placental villous trees should provide an important link between the mechanisms of villous branching[@b4][@b15] and the capability of the placenta to adapt to varying functional requirements during pregnancy.

The quantitative histological analysis of the villous trees of thuman placentas has usually been based on thin two-dimensional (2D) histological sections that must be statistically representative 2D samples of the 3D space under examination, allowing mathematically founded statements on elements of the 3D space by the analysis of thin 2D histological sections[@b16][@b17]. However, all analyses of thin 2D histological sections of the human placenta suffer from the fact that nodes and, thus, the branching structure itself are excluded from the analysis. Nodes are not visible on thin 2D histological sections; there is not even a histological nomenclature for nodes. This is exemplified in [Figure 1](#f1){ref-type="fig"} by a comparison of the histology of a thin 2D histological section with the 3D aspect of an isolated villous tree of a human placenta.

This disadvantage has not been changed by other morphological approaches, particularly by scanning electron microscopy or confocal microscopy. Scanning electron microscopy delivers a 3D impression. Because this impression is not easily quantified in x,y and z, scanning electron microscopy was primarily used to illustrate qualitative aspects of the villous tree. The latter was frequently combined with histology[@b18] or with transmission electron microscopy[@b4][@b19]. Confocal microscopy can replace physical sectioning by optical sectioning; although software extensions allow post-microscopic 3D reconstruction[@b20], confocal microscopy is primarily a technology that uses extremely thin, optical 2D histological sections. Three-dimensional reconstructions of capillary networks inside of only the last branch of the villous tree (terminal villi) of the human placenta were evaluated by confocal microscopy[@b21][@b22][@b23]. Nevertheless, the efficient 3D analysis of villous trees of human placentas across two or more generations of entire branches remains a challenge.

We have hypothesized that the computer-assisted modern camera lucida strategies known from neuroscience can be adapted to the analysis of isolated villous trees of human placentas. Furthermore, we have hypothesized that this adapted camera lucida approach will deliver quantitative 3D data of qualitatively novel information regarding the villous tree of the human placenta. To verify these hypotheses, we isolated villous trees from 50 normal human placentas by careful and diligent dissection under a dissecting microscope. Tissue samples were analyzed with a software, Neurolucida (MBF Bioscience, Williston, VT, USA), which was originally developed for the analysis of dendritic trees of neurons[@b7][@b8][@b9] using settings adapted to the requirements of villous branching. In parallel, thin 2D histological sections (2D sections) of systematically and randomly sampled tissue blocks of a comparable collection of 50 normal human placentas were used to determine volume densities and absolute volumes of placental tissue components using stereology software, Stereo Investigator (MBF Bioscience).

We found that the villous tree of the human placenta can be analyzed with the Neurolucida approach, that novel and, thus far, unreachable variables can be extracted, and that some of these novel data correlate with the fetoplacental weight ratio, which is a widely used clinical parameter.

Results
=======

Three-dimensional analysis
--------------------------

The whole-mount preparations of villous trees of human placentas prepared for the present study could easily be viewed under a microscope in three dimensions ([Fig. 2](#f2){ref-type="fig"}), and 3D camera lucida datasets could be established in parallel ([Fig. 3](#f3){ref-type="fig"}); details of these procedures are outlined in the methods section. The 3D data obtained in the present study can be viewed and analyzed in various formats ([Fig. 4](#f4){ref-type="fig"}). To distinguish the novel 3D approach of the present study from histological nomenclature, the parts of villous trees originating at the branching points (nodes) were called branches (b), not villi. Branches were classified by their distance to the nearest terminal end (terminal distance ordering of branches (bT)). The distance to the nearest terminal end was measured in nodes. Thus bT0 designates a branch in terminal position, bT1 a branch one node apart from the nearest terminal end, and, generally, bTX designated a branch X nodes apart from the nearest terminal end ([Fig. 4](#f4){ref-type="fig"}).

We found none of the analyzed branches more than three nodes apart from the nearest terminal end. Accordingly, all analyzed branches were bT0, bT1, bT2 or bT3. The branching of the villous trees was primarily dichotomous. Trichotomous nodes rarely occured (we recorded 11 trichotomous nodes of 454 analyzed nodes). The villous trees under investigation could be fully reconstructed in 3D ([Supplementary Movies S1--4](#s1){ref-type="supplementary-material"}).

There were statistically significantly (p \< 0.001) more branches in positions bT0 and bT1 than in position bT2 ([Fig. 5A](#f5){ref-type="fig"}). The dichotomous branching pattern of the villous tree was also indicated by a statistically significant (p \< 0.05) linear correlation between the numbers of bT0 and bT1 branches of the villous trees ([Fig. 5B](#f5){ref-type="fig"}). The mean ratio of all numbers of bT0 and bT1 branches across all peripheral villous trees analyzed in the present study was 1.30 ([Fig. 5B](#f5){ref-type="fig"}; see also branching scheme in [Fig. 4](#f4){ref-type="fig"}). In contrast, the ratio of the number of bT1 and bT2 branches varied over a wide range ([Fig. 5C](#f5){ref-type="fig"}). The dichotomous branching pattern did not change across the positional transition from bT1 to bT2.

The bT2 branches had a statistically significantly (p \< 0.05) larger mean diameter than the bT0 branches ([Fig. 6A](#f6){ref-type="fig"}). The distributions of the mean diameters of the bT0, bT1, and bT2 branches broadly overlapped. The mean diameters of the bT0 and bT1 branches correlated statistically significantly (p \< 0.05; [Fig. 6B](#f6){ref-type="fig"}); the same was found for the mean diameters of the bT1 and bT2 branches (p \< 0.05; [Fig. 6C](#f6){ref-type="fig"}).

The mean length of the bT0 branches was statistically significantly smaller than the mean length of the bT1 and bT2 branches (p \< 0.01; [Supplementary Figure S1](#s1){ref-type="supplementary-material"}). The distributions of mean lengths of the bT0, bT1, and bT2 branches broadly overlapped. The length of individual bT0 branches plotted against the angle at which they branch off their respective bT1 branch (planar branching angle of branch bT0) showed a broad distribution of planar branching angles, whereas extremely long branches only occured at planar branching angles below 60° (see [Supplementary Figure S1](#s1){ref-type="supplementary-material"}). The 3D datasets of the present study were used as input for a branching analysis, which constisted of a modified Sholl-analysis (for details see methods section and [Supplementary Figure S2](#s1){ref-type="supplementary-material"}). This analysis delivered mathematical estimates of branching characteristics, specifically the Sholl-coefficient k and the branching parameter log a ([Supplementary Figure S2; Supplementary Table S1](#s1){ref-type="supplementary-material"}).

Means and standard deviations of all 3D parameters are provided in [Supplementary Table S1](#s1){ref-type="supplementary-material"}.

Clinical data, tissue processing and histology
----------------------------------------------

Clinical data of the two placenta collections used in the present study were not statistically significantly different from each other ([Supplementary Table S2](#s1){ref-type="supplementary-material"}). The histopathological evaluation of HE sections of the placentas analyzed in the present study showed no histopathological deviations. No signs of autolytic change or tissue decomposition were detected. The processing time leading up to availability of raw data for an individual sample was estimated for quantitative analysis on thin 2D histological sections (76.1 h) and Neurolucida-assisted 3D analysis (19.8 h), see [Supplementary Table S3](#s1){ref-type="supplementary-material"}. The volume estimates of various tissue components are provided in [Supplementary Table S4](#s1){ref-type="supplementary-material"}. The mean volume of the villous tree was determined to be 197.03 ml (+/−48.62 ml standard deviation).

Nonparametric multiple comparison analysis
------------------------------------------

Nonparametric multiple comparison analysis of the clinical parameters placenta weight (PW), birth weight (BW), fetoplacental weight ratio (PW/BW), and the 3D parameters of the villous tree showed a statistically significant negative correlation (p \< 0.05) of PW/BW with the mean planar branching angle of the bT0 branches ([Fig. 7A](#f7){ref-type="fig"}). Accordingly, with increasing PW/BW, the mean planar branching angle of the bT0 branches decreased.

The volume densities of the villous tree and intervillous space determined by design-based stereology from thin 2D histological sections did not correlate with PW, BW, or PW/BW ([Fig. 7B,C](#f7){ref-type="fig"}). The absolute volumes of the villous tree and intervillous space calculated from the respective volume densities (using placental weight and the average density of placental tissue, for details see methods section) correlated statistically significantly with PW, BW, and PW/BW (data not shown). However, it should be noted that these correlations of the absolute volumes with PW, BW, and PW/BW are due to usage of PW as a factor in the calculation of the volume density raw data; PW, BW, and PW/BW correlate with each other[@b24] and thus also with the absolute volumes.

Discussion
==========

The present study used a novel, quantitative 3D approach to analyze the peripheral parts of villous trees of normal human placentas. In the present study, we show that the 3D analysis of the peripheral human placental villous tree is less laborious than the established analysis strategies ([Supplementary Table S3](#s1){ref-type="supplementary-material"}) due to efficient tissue processing and rapid data acquisition. This is enabled by the fact that the Neurolucida-supported 3D analysis is not dependent on any type of pre-existing 3D reconstruction (e.g. from confocal microscopy image stacks or from other sectioning/reconstruction tools), but rather generates its own 3D image during the measurement; the measurement is thus not an extra step. This principle of simultaneous measurement and 3D imaging is thus an elegant and convenient feature of the Neurolucida approach. If the adaptations and precautions of the present study are considered, almost any high quality research microscope equipped for neuronal dendrite tracing will be able to deliver valuable 3D data regarding the villous tree of human placenta. There is no specific requirement for scanning electron microscopy[@b18][@b25], confocal microscopy, or other sophisticated sectioning/3D reconstruction approaches[@b20][@b26] in order to obtain such data. This analysis is analogous to the current state of neuroscience, where the majority of the neuronal dendritic and axonal 3D analyses are based on bright-field microscopy[@b7][@b8][@b9] due to its broad compatibility with basic histological staining methods.

The 3D analysis in the present study is specifically designed for the analysis of tree structures in 3D. A core feature of this method is the ability to view trees while the trees are simultaneously being reconstructed as a digital replica[@b27]. Many details that are invisible on thin 2D histological sections can be analyzed by 3D methods[@b28]. Such details include, but are not limited to nodes, branching angles, diameters, and lengths of branches in relation to the branching hierarchy/topology. Possible limitations of this method stem from the maximally feasible focus distance of the objective or the villi being too crowded or too thick to be viewed in full depth under a bright-field microscope. With the tracing of villous trees, quantitative microscopic tracing operates at the upper end of the feasible scale. Therefore, the present study focused on the most peripheral part (1--2 mm) of the villous tree of the human placenta. Nevertheless, to the best of our knowledge, no other light microscopic method is able to follow villous trees of the human placenta over an analysis interval of 2 mm with comparable ease and efficiency. Moreover, the focus of this 3D analysis on the most peripheral branches of the villous tree is not necessarily compromising its biological relevance. The peripheral branches of the villous tree arise during the second half of pregnancy[@b2][@b4][@b19][@b29][@b30][@b31]. Important clinical syndromes, such as preeclampsia and intrauterine growth retardation, also develop during the second half of pregnancy[@b4][@b32].

The analysis of thin 2D sections/images primarily delivers quantitative data regarding the corresponding 3D space (see, e.g., [Supplementary Table S4](#s1){ref-type="supplementary-material"}); thus, the analysis of thin 2D histological sections is highly dependent on the sampling procedures. Using sectioning, the analysis of thin 2D histological sections avoids the potential limitations of optical intransparency or tissue thickness. Aspects other than the volume densities determined in the present study (e.g., star volumes, surface areas, etc.) can also be analyzed on thin 2D histological sections[@b33][@b34]. However, structural details that are invisible in thin 2D histological sections cannot be analyzed in such sections. Notably, nodes, branches, branching angles, and branching hierarchy/topology are invisible in thin 2D histological sections (see [Fig. 1](#f1){ref-type="fig"}).

Thus, it is obvious that 3D analysis and the analysis of thin 2D histological sections supplement each other (see also [Supplementary Tables S1 and S4](#s1){ref-type="supplementary-material"}). The conventional analysis of thin 2D histological sections can make statistically valid estimates of placental properties. However, such analysis neither produces nor takes into account data describing the 3D branching structure of the villous tree. Three-dimensional analysis performs absolute measurements of nodes, branches, and their relations with each other and associated parameters, all of which cannot be done by analysis of thin 2D histological sections.

We found that branches in positions bT0 and bT1 occured at a fixed rate in relation to each other (see [Fig. 5B](#f5){ref-type="fig"}). This finding is self-interpreted because of the general dichotomous branching pattern of the villous tree. However, although the dichotomous branching pattern remains constant, the numbers of branches in positions bT1 to bT2 considerably varied (see [Fig. 5C](#f5){ref-type="fig"}). Taken together, this result would be consistent with the interpretation that branches bT0, bT1, and the nodes connecting these branches form a repetitively occurring 3D building unit of the peripheral villous tree, and that these 3D building units are attached to branches in bT2 at a highly variable rate.

Sholl analysis is an important tool for the classification of neurons and their connectivity in the brain[@b35]. The strength of this analysis lies in the mathematical recognition of general branching patterns. The present study showed that Sholl analysis can be adapted to the villous tree of the human placenta. Whether Sholl analysis will be able to discriminate between branching patterns of normal placentas and those patterns of complicated pregnancies is beyond the scope of the present study.

For the first time, the present study determined the diameters, lengths, and linked parameters, such as surface area and volume, of branches of the peripheral 2 mm of the villous tree, without interference from sectioning artifacts, in many villous trees. Diameters and, to a certain extent, lengths and numbers are principally recognizable as cross-sections of villi in thin 2D histological sections and could potentially be used to reversely identify the terminal/non-terminal position of a sectioned branch. The present study showed statistically significant differences in diameters and lengths from bT0 over bT1 to bT2 (see [Figs. 5](#f5){ref-type="fig"}--[7](#f7){ref-type="fig"}). However, the reverse diagnosis of the terminal or non-terminal position of a given branch by one of these parameters is not feasible due to broad overlap in parameter distributions. Although this is the case, the 3D data of the present study did not suffer from the additional scatter of diameter distributions, which would be caused by the histological sectioning of branches in various angles. Thus, it is not feasible to determine positions of sectioned branches of the most peripheral 2 mm of the villous tree (bT0, bT1, and bT2) on thin 2D histological sections using, e.g., their diameters. This finding is in full agreement with early morphological descriptions of villi in the peripheral part of the villous tree of the human placenta[@b29].

The diameters of branches in each of the positions bT0, bT1, and bT2 showed a linear correlation across these positions in the same villous tree, i.e., thicker branches in position bT2 produced on average thicker branches in positions bT1, and bT1 branches produced on average thicker branches in positions bT0 (see [Fig. 6B,C](#f6){ref-type="fig"}). These diameter relations across branches of the same tree are possibly a tree-specific feature individually characterizing each villous tree.

Branching angles and nodes are structures that are invisible on thin 2D histological sections. These structures "disappear" by the reduction of the 3D tree structure to 2D sections (see [Fig. 1](#f1){ref-type="fig"}) and have never been determined by any known 2D or 3D method of placental analysis. Branching angles and nodes could possibly reflect the different mechanisms of branching that are associated with the villous tree, namely villous sprouting via mesenchymal villi for stem villus branching and angiogenesis-related branching of terminal villi from intermediate villi[@b4]. Angiogenesis-related branching of terminal villi from intermediate villi is seen as an especially important mechanism of placental functional adaptation[@b15].

Unexpectedly, in the present study, the branching angles of branches bT0 correlated with the fetoplacental weight ratio PW/BW ([Fig. 7A](#f7){ref-type="fig"}). In contrast, no parameter obtained by the conventional analysis of thin 2D histological sections correlated with the PW/BW ratio ([Fig. 7B,C](#f7){ref-type="fig"}). The PW/BW ratio is a widely used clinical parameter[@b1][@b4][@b36]. It is outside the scope of the present study to explore possible functional relations between branching angles of terminal branches (bT0) of the villous tree and the PW/BW ratio. However, the plotting of branching angles of terminal branches against the length of terminal branches showed that the branching angles scattered over a wide range and extremely long terminal branches occured at angles below 60° ([Supplementary Figure S1](#s1){ref-type="supplementary-material"}). These properties indicated that the terminal branches are much more heterogeneous in structure than previously expected based on the description of terminal villi from histology of thin 2D histological sections[@b2][@b4][@b29]. A detailed exploration of the structural heterogeneity of terminal branches will likely enable further conceptual understanding of the correlation between the PW/BW ratio and terminal branching angles.

In summary, the present study successfully adapted camera lucida-based analysis strategies to the peripheral part of the villous trees of normal human placentas. Nodes and node-related branching structures (branching hierarchy, angles, diameters, and lengths) can now be efficiently measured in 3D. Such primary 3D data can be further processed into secondary parameters by, e.g., Sholl analysis. Branching angles are typical 3D parameters and are correlated with the fetoplacental weight ratio PW/BW, a widely used clinical parameter. The latter encourages the exploration of possible alterations of the 3D structure of villous trees of human placentas from obstetrically complicated pregnancies, particularly preeclampsia and intrauterine growth retardation.

Methods
=======

Study design
------------

The present study used 100 human placentas split into two samples of 50 placentas from clinically normal pregnancies. Both cohorts of placentas were collected at the Department of Obstetrics and Gynecology of the hospital "Dritter Orden", Munich, Germany. The normal course of each pregnancy was assessed by obstetricians based on clinical information regarding the pregnancy and delivery. Placentas were collected after informed consent of mothers/parents was obtained. Placentas were excluded when: no informed consent of the mothers/parents could be obtained, the language skills of the mothers/parents limited the understanding of information concerning the study, or psychiatric problems or any other condition caused doubts regarding the mothers/parents ability to independently decide. All work was conducted according to relevant guidelines and regulations. This study was approved by the ethics committee of the Ludwig-Maximilians-University (Munich, Germany) under the number 084-11. All data were anonymized. The thickness of the placenta was determined by ultrasound. The placenta weight (PW) was measured prior to tissue sampling and processing without the umbilical cord but with membranes[@b24]. The birth weight (BW) was determined immediately after birth, and the fetoplacental weight ratio (PW/BW) was calculated[@b1] ([Supplementary Table S2](#s1){ref-type="supplementary-material"}).

The cohort of placentas used for the quantitative analysis of thin 2D histological sections was collected between April 2011 and September 2011. The cohort of placentas used for the preparation of single villous trees and subsequent Neurolucida-assisted 3D-analysis was collected between February 2012 and April 2013.

Common procedures for both placenta collections
-----------------------------------------------

All placentas were cooled at 4°C immediately after birth and processed within 5.26 h (Median; Max = 23.41 h, Min = 2.31 h; samples for thin 2D histological sections) or 3.28 h (Median; Max = 8.20 h, Min = 1.35 h; samples for 3D analysis) at the Department of Anatomy II of Ludwig-Maximilians-University (Munich, Germany). Six sampling sites were chosen systematically and randomly from each placenta[@b24], and tissue blocks containing the entire thickness of the placenta were collected, fixed and embedded in paraffin as previously described[@b24].

Sections of all specimens were stained with hematoxylin/eosin (HE). All HE sections were qualitatively evaluated in order to confirm the absence of signs of tissue damage/autolysis, inflammation and/or disturbed differentiation of trophoblast.

Two-dimensional thin histological sections
------------------------------------------

From the six blocks of paraffin-embedded tissue of each placenta, the number 5 was chosen by the roll of a dice. From each placenta, sections of the fifth tissue block were used for the volume estimations on thin 2D histological sections (see [Supplementary Table S3](#s1){ref-type="supplementary-material"}).

Whole-mount preparations of villous trees
-----------------------------------------

For the preparation of single, isolated peripheral parts of villous trees (henceforth called "peripheral villous trees"), an additional sample (edge length of 2--3 cm) was collected within a distance of 5 cm from the umbilical cord insertion and transferred to physiological saline at 4°C. The preparation of peripheral villous trees began within one hour after sampling and was performed under a binocular microscope (M400, Wild Heerbrugg, Heerbrugg, Switzerland) with additional light (KL 1500 electronic, Schott/Zeiss, Jena, Germany). Free bushes of peripheral villi were identified, removed using small scissors, and fixed in 4.5% formaldehyde (Roti-Histofix, Carl Roth, Karlsruhe, Germany) in small glass jars overnight. The probes were rinsed 3 × 10 minutes with tap water, bleached in 3% H~2~O~2~ for 20 minutes, and washed 3 × 5 minutes in distilled water. Mayer\'s hematoxylin was applied for 7 minutes at room temperature with gentle agitation, and then the probes were washed in distilled water (acidified by acetic acid to a pH of 2.4) for 3 minutes. Bluing was achieved in tap water for 5 minutes and the probes were then transferred back to distilled water. Following a graded series of ethanol (50%, 70%, 80%, 96% and 100%; 5 min each), the probes were transferred to a mixture of ethanol/xylene (1:1, 5 min) and then to fresh and pure xylene 2 × 5 min. From xylene, the probes were infiltrated with xylene/DPX (1:1, 4 h, DPX: Mountant for histology, Sigma Aldrich nr. 06522, Munich, Germany), and mounted in DPX on a concave slide with enough room to allow the unfolding of the villous tree and such that the 3D structure of the peripheral villous trees remained intact. These preparations have a true 3D character and are free from oppressing contact with the concave slide or cover glass (see [Fig. 2](#f2){ref-type="fig"}).

Analysis of thin 2D histological sections
-----------------------------------------

Volume estimates were performed according to the Cavalieri principle[@b37][@b38] on single thin (4--6 μm) histological sections using a computerized stereology workstation, which consisted of a modified light microscope (Axioskop; Zeiss, Jena, Germany) with motorized specimen stage for automatic sampling (MBF Bioscience) and stage controller (Type MAC 6000; Ludl Electronics, Hawthorne, NY, USA), focus encoder (Type MT 1271; Heidenhain, Traunreut, Germany), CCD color video camera (1600H × 1200V pixels; MBF Bioscience, Williston, VT, USA) and stereology software (Stereo Investigator version 10; MBF Bioscience). This approach delivers volume densities as raw data, which were allocated to the villous tree (stratified by the villous stroma, vessel lumen, endothelium, and syncytiotrophoblast), to the intervillous space and to the fibrinoid. Then, absolute volumes were calculated by multiplying volume densities with the placental volume (placental volume is defined by the placental weight (PW) divided by the density of placental tissue (1.03 g/ml)).

Computer-assisted 3D analysis
-----------------------------

Peripheral villous trees were previewed at low magnification (2× microscope objective; [Fig. 3A](#f3){ref-type="fig"}). Tracing with Neurolucida (version 10.54; MBF Bioscience) was performed using a 20× objective ([Fig. 3B--Y](#f3){ref-type="fig"}) with the working direction from the proximal toward the terminal end of the peripheral villous tree ([Fig. 3B--Y](#f3){ref-type="fig"}). Tree ordering for measurements was set to "Terminal Distance Ordering" ([Figs. 3B--Y](#f3){ref-type="fig"} and [2](#f2){ref-type="fig"}) because the terminal end was the biologically defined end of the isolated peripheral villous trees. Terminal Distance Ordering classifies branches according to their distance in nodes from the terminal end of the villous tree. While viewing the tree, nodes and branches were individually labeled and circumferences of the villi were continuously recorded by mouse wheel functions ([Fig. 3B--Y](#f3){ref-type="fig"}). The measuring system generated a digital 3D replica of the peripheral villous tree under investigation in parallel to the process of tracing. These data were analyzed with Neurolucida Explorer software (MBF Bioscience) using the option "branching structure analysis". The outcomes can be visualized in various ways in Neurolucida or Neurolucida Explorer software ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Movies S1--4](#s1){ref-type="supplementary-material"}).

We used two microscope systems: (i) an Axioskop (Zeiss, Goettingen, Germany) with a motorized XYZ specimen stage (Maerzhaeuser, Wetzlar, Germany), an LEP MAC6000 XYZ 3-axis stage controller (Ludl), a focus encoder (Type MT 1271; Heidenhain), and a color digital camera (3/4″CCD chip 1,92 MP, 1600H × 1200V pixel, MBF Bioscience; and (ii) a BX50 (Olympus, Tokyo, Japan) with motorized XYZ specimen stage (MBF Bioscience), an LEP MAC6000 XYZ 3-axis stage controller (Ludl), focus encoder (Type MT 1271; Heidenhain) and color digital camera (1/2″ CCD chip, 1392 × 1040 pixels, MBF Bioscience).

The parts of villi connecting two nodes or connecting a terminal end with a node were named branches (b). Branches were further classified by their distance to the nearest terminal end (bT, with the T indicating classification by terminal distance). The distance was measured by the number of nodes to the nearest terminal end. Thus, "bT0" encodes a branch in the terminal position, "bT1" encodes a branch one node apart from the nearest terminal position, and in general, "bTX" encodes a branch X nodes apart from the nearest terminal end ([Fig. 2F](#f2){ref-type="fig"}). We collected the numbers of nodes and branches on each level of "Terminal Distance Ordering" and data regarding the planar branching angle, diameter, length, surface area, and volume of each individual branch. These data were aggregated by the terminal distances of branches for each villous tree as the mean planar branching angle (bTX_mpa), mean diameter (bTX_md), mean length (bTX_ml), mean surface area (bTX_ms) and mean volume (bTX_mv).

The planar branching angle of a given branch was defined as the change in the direction of the branch with respect to the previous branch. The direction of each branch was derived from its endpoints (a node or a terminal end). Of 50 peripheral villous trees, 11 did not show bT2 branches (n = 39 for bT2). Of the remaining 39 bT2 branches, the planar branching angle of bT2 branches could not be determined for six samples due to a missing previous branch (n = 33 for bT2_mpa).

Sholl analysis
--------------

Sholl analysis is a mathematical approach for the analysis of dendritic trees[@b39], and Sholl analysis routines are included in software tools designed for tracing dendritic trees, such as Neurolucida[@b27]. The tracing direction and analysis direction are usually identical (from perikaryon (root) to terminal end) in the Sholl analysis of dendritic trees. For the placenta, this direction had to be changed because there is only one physiologically defined end of an isolated villous tree; the terminal end. Thus, villous trees were traced from the root (stem villus) to the terminal end, whereas Sholl analysis was manually performed in an opposite direction from terminal end toward the root (see [Supplementary Figure S2](#s1){ref-type="supplementary-material"}).

The Sholl analysis of villous trees was performed on the dendrograms exported from Neurolucida Explorer software (see [Supplementary Figure S2](#s1){ref-type="supplementary-material"}). The Sholl analysis included the villous trees between the first node (near the terminal end) and the last node (near the root) of the tree under investigation. A grid of measuring lines representing concentric circles was placed in 50 μm intervals from the terminal end to the root. All grid lines falling into the analysis interval between the first and last node were included. The first grid line falling into the analysis interval was set to 1 μm. This setting delivers a set of data linking the distance, in μm, and the number of intersecting branches (for details see [Supplementary Figure S2](#s1){ref-type="supplementary-material"}). The distances were transformed to the area of the respective concentric circle, and the Sholl plot was performed as usual[@b39]. The number of intersections with branches by area (N/area) was plotted on the y-axis (logarithmically) whereas distances were plotted on the x-axis (logarithmically). Then, the Sholl regression coefficient (k) was determined by linear regression as the slope of the straight line, together with the y-intercept at X = 0 (log a) in GraphPad Prism software (Version 5.04, GraphPad Software, San Diego, CA, USA), see [Supplementary Figure S2](#s1){ref-type="supplementary-material"}.

Statistical analyses
--------------------

For all investigated parameters ([Supplementary Tables S1, S3, S4](#s1){ref-type="supplementary-material"}), the mean and standard deviation were calculated using SPSS software (Version 20, IBM, Armonk, NY, USA)[@b40]. Because normal distribution could not be confirmed by Kolmogorov-Smirnov test (SPSS), further statistical analyses were based on non-parametric procedures. Multiple non-parametric bivariate correlation (Spearman-rho) analyses with post-hoc corrections for multiple comparisons according to Benjamini and Hochberg[@b41] (p-value \< 0.05) were performed in R[@b42] using the package "psych"[@b43] for multiple comparisons and the function p.adjust for post hoc corrections. Linear regression analyses[@b40] and Kruskal-Wallis tests with Dunn\'s multiple comparison adjustments were performed in GraphPad software.
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![Comparison of the histology of villous trees of the human placenta and their 3D aspects.\
(a,b) Comparison of the microscopic aspects of a thin (4--6 μm) histological section of a human placenta after staining with hematoxylin/eosin (a) with the microscopic aspects of a whole-mount isolated villous tree after staining with hematoxylin (b). The scale bars in a and b are 250 μm. (a) Various cross- and longitudinal sections of villi can be recognized. The stromal architecture inside the sectioned villi is visible. The cross-sections of branches belong to an unknown number of villous trees. (b) A single villous tree is visible, and branches are not sectioned. The hierarchical positions of nodes (branching points) and the branching topology can be recognized.](srep06192-f1){#f1}

![Whole-mount preparations of villous trees of the human placenta preserve the three-dimensional (3D) character.\
(a--o) Example of the 3D character (depth) of a whole-mount preparation of an isolated villous tree of a human placenta that was stained with hematoxylin. The example starts with an overview at low magnification ((a), 5× objective; scale bar = 250 μm) and shows a screenshot of a single microscopic field of view at working magnification ((b), 20× objective; scale bar = 25 μm). The red box in a and b highlights the approximative area of the field of view, which is shown in (c--o) (scale bar = 25 μm). The analysis used live microscopic images at working magnification, whereas the calibrated x, y, z-stage of the used microscope recorded the positions of the focus planes in x, y, and z. (c--o) show an exemplary shift of the focus plane in the z-direction; screenshots were taken from the continuous stream every 10 μm (from 0 μm (c) to 120 μm(o)). Levels of z are given relative to the highest focus plane ((c); 0 μm) in the lower left corner of (c--o).](srep06192-f2){#f2}

![Computer-assisted viewing generates a quantitative digital three-dimensional (3D) replica of villous trees of the human placenta.\
(a--y) Example illustrating the procedure by which the Neurolucida software assisted in generating a digital and quantitative 3D replica of a whole-mount preparation of an isolated villous tree of a human placenta. The entire instrument and software setup was calibrated such that the software recorded 3D-coordinates of all positions and mouse functions. Measurement and 3D-reconstruction were simultaneous processes. (a) shows an overview at low magnification (2× objective). The red box in a delineates the region of interest. The region of interest is larger than a single microscopic field-of-view at working magnification (20× objective). (b--y) Screenshots taken at working magnification (20× objective; scale bar = 25 μm on the top of each tile) while the tracing of the villous tree in the region of interest was in progress. The coordinates of the centerpoint of the yellow circle and the diameter of this circle were recorded while the villous tree was traced in x,y, and z. The work flow started with the most proximal point of the region of interest (root point of the model, (b)). The yellow circle shown could be adjusted to the diameter of the villus in focus using the mouse wheel function. Its moving center defined the center line (yellow line) of each branch. Branching points (nodes; shown as yellow dots with associated red arrows) could be placed by clicking functions. Similarly, terminal ends were defined using the mouse wheel function and are shown as green dots with associated black arrows.](srep06192-f3){#f3}

![The 3D data can be viewed and analyzed in various formats.\
(a--e) Example illustrating different graphing options of a three-dimensional data set obtained with Neurolucida software (MBF Bioscience) assisted reconstruction of a whole-mount preparation of a villous tree of a human placenta. (a) Overview of a hematoxylin-stained peripheral villous tree as viewed at low magnification (5× objective; scale bar = 250 μm). (b) Detailed view of a subtree within a single microscopic field of view at the magnification used for tracing the villous tree with Neurolucida software (20× objective; scale bar = 250 μm). The part of the visual field containing the subtree shown in (b) is labeled by rectangular red boxes in (a) and (c--e). (c--e) Various options to visualize the 3D data sets obtained by Neurolucida software. The center lines of traced branches are shown in the skeletonized view (c); 3D reconstructions of the traced branches based on diameters are shown in (d). The dendrogram view in (e) shows the total segmental length and hierarchical relations of branches. (f) Sketch of the working process in the Neurolucida software showing the tracing direction (from root to terminal ends) and the classification of branches by the terminal distance (from terminal ends to root, in numbers), the labeling of nodes/branching points and the determination of tree measures. (f) Was modified from the Neurolucida Explorer software with permission from MBF Bioscience.](srep06192-f4){#f4}

![Branch numbers reveal construction rules of the peripheral villous tree of the human placenta.\
(a--c) Number of branches. Each dot represents the number of branches of a single isolated villous tree fragment. (a) Number of branches (n\[count\]) stratified by the terminal distance to which the branches belong (bT0, bT1, and bT2). The mean, standard deviation, and number of samples are shown. The number of branches in positions bT1 and bT2 was found to be statistically significantly lower than the number of branches in position bT0. The values of p and the number (n) of villous trees evaluated are given inside the graph. (b,c) Correlation of the number of branches in two neighboring terminal distance positions. The regression lines (straight line) are shown together with their 95% confidence interval (dashed lines). The p-value, expressing the statistically significant deviation of the slope from zero, R^2^ a measure of the goodness of fit, and the number of villous trees evaluated (n) are given inside the graphs. (b) Number of bT1 (bT1_n) branches as a function of the number of bT0 (bT1_0) branches. (c) Number of bT2 (bT2_n) branches as a function of the number of bT1 (bT21_n) branches.](srep06192-f5){#f5}

![Diameter distributions of branches of the human placenta.\
(a--c) Each dot represents the mean diameter of branches of a single isolated villous tree fragment. (a) Mean diameters of branches (md \[μm\]), separated into various branch terminal distance (bT0, bT1, and bT2). The mean, standard deviation, and individual mean diameters (dots) are shown. The mean diameters of branches in position bT2 statistically significantly differ from the mean diameters of branches in position bT0. The p-values and number of villous trees evaluated (n) are given in the graph. (b,c) Correlation of mean diameters of branches in two neighboring hierarchical positions. The regression line (solid line) is shown with a 95% confidence interval (dashed lines). The value of p describing statistically significant deviation of the slope from zero, R^2^ as a measure of the goodness of fit, and the number villous trees evaluated (n) are given in the graphs. (b) The mean diameters of bT1 (bT1_md) branches as a function of the mean diameters of bT0 (bT0_md) branches. (c) The mean diameters of bT2 (bT2_md) branches as a function of the mean diameters of bT1 (bT1_md) branches.](srep06192-f6){#f6}

![The mean planar branching angle of terminal branches in the human placenta correlates with the fetoplacental weight ratio.\
Scatter plots of results of the 3D analysis (a) and analysis of thin 2D histological sections (b,c) against the fetoplacental weight ratio (PW/BW ratio, dimensionless factor). (a) The mean planar branching angles (n = 50) of the bT0 branches (bT0_mpa). The p-value inside the graph was calculated using the multiple nonparametric correlation analysis (Spearman-rho, corrected for multiple comparison according to Benjamini and Hochberg, 1995[@b41]). Linear correlation analysis (straight line) was calculated with 95% confidence intervals (dashed lines); R^2^ is a measure for the goodness of linear fit. (b,c) Scatter plots of volume density of the villous tree (y-axis; vd~villous\ tree~; (b)) and volume density of the intervillous space (y-axis; vd~intervillous\ space~; (c)) as a function of the PW/BW ratio. Volume densities did not correlate with the PW/BW ratio in the multiple nonparametric correlation analysis.](srep06192-f7){#f7}
